In this paper, the effect of adding recycled glass powder (RGP) as a third component in polymer modified bitumen is studied. RGP and styrene butadiene rubber (SBR) are added to the base bitumen in order to prepare modified binders and mixtures. The initial study is performed to determine physical properties of unmodified, SBR modified and RGP-SBR modified asphalt binders which prove RGP's compatibilizing effect on asphalt and polymer as well as high compatibility between RGP and polymer leading to better dispersion of the polymer in asphalt. The results of the study showed how final rheological properties of the mentioned combination could be affected by adding RGP and SBR. Modified and unmodified binders are used for preparing Marshall samples for the following tests: Marshall stability, indirect tensile strength (ITS), indirect tensile strength ratio (ITSR), and resilient modulus tests. The results also indicate that combination of 3% SBR plus 2% RGP can improve mechanical properties of asphalt mixture considerably.
INTRODUCTION 1
Bitumen is one of crude oil derivatives, having black to dark brown color. Such organic material is solid in ambient temperature. By increasing the temperature of bitumen, it turns into plastic and liquid material. Major amount of bitumen produced worldwide are used in the road construction industry. Bitumen, as the main material for road construction, has been used in the industry for three centuries since it has a lot of advantages in comparison with other suggested alternative materials [1] . In addition, considering improvement in physical and chemical alternative materials may enhance efficiency and lifetime of asphalt. Every year, a great amount of money is spent on rehabilitation and reconstruction of roads and pavements in most countries [2] . One of the major disadvantages of using bitumen in road construction is its phase change as a function of temperature. Bitumen is brittle at low temperatures and turns into liquid at high temperatures, which is called temperature susceptibility. Base bitumen should be modified to reduce its temperature susceptibility. Different materials *Corresponding Author Email: marandi@uk.ac.ir (M. Marandi) such as polymers or rubber could be used to improve bitumen quality and reduce its temperature susceptibility [3, 4] .
SBR is one of the bitumen polymer modifiers. Using SBR modified bitumen for pavement construction results in more flexibility of pavement at lower temperatures and its more resistance to cracking [5, 6] . Application of SBR modified bitumen has other advantages like improving adhesion and cohesion of pavement and increasing its elasticity [7] ; also, it has higher ductility compared with base bitumen [8] . Despite these advantages, SBR is an expensive polymer and material application is not beneficial for the environment while recycled glass powder (RGP) is an inexpensive recycled material and its application can reduce environmental pollution.
The aim of this study was to evaluate effects of adding RGP on properties of SBR modified bitumen. Nowadays, as a result of growth in the production of industrial materials all over the world, generation of different waste materials has been also increased. Therefore, it is essential to develop methods for recycling waste materials. There are different methods for dealing with waste materials such as landfill, incineration and material recycling. Material recycling is the best and most practical method from economical, technical and environmental points of view [9] . About ten million tons of waste and crushed glass (which is one of the waste materials) are annually produced worldwide [10] . This material can be recycled several times without any change in its properties. In road construction industry, only waste glass cullet has been used as an aggregate for glass recycling thus far. Results of previous studies in this regard have shown that combination of waste glass cullet and asphalt could improve some properties of pavements [10] . A recent study by Ghasemi and Marandi [11] which was done on the influences of RGP modifier on physical and mechanical properties of SBS modified asphalt binders and mixtures demonstrated increase of stiffness modulus in RGP-SBS modified pavements compared with the conventional asphalt mix. The main objective of this research was to investigate the influences of micro size crushed glass on the physical and mechanical properties of SBR modified asphalt binders and mixtures.
MATERIALS AND METHODS

1. Aggregate
The aggregate was obtained from an asphalt plant in Kerman, located in southeast of Iran. Figure 1 demonstrates the suggested gradation for the SMA mixtures developed by the National Asphalt Pavement Association (NAPA) [12] . Aggregate gradation of the mixture was in the middle of the limits. Properties of the aggregates such as specific gravities, values of water absorption, toughness and soundness were specified; the test results are presented in Table 1 .
The applied filler was calcium carbonate (CaCO 3 ), which was brought from an asphalt plant. Calcium carbonate was passed through an ASTM #200 sieves and its specific gravity was 2.64.
Bitumen
In this investigation, 60-70 penetration asphalt cement was used, which was obtained from Isfahan Mineral Oil Refinery. Engineering properties of the asphalt cement are presented in Table 2 .
3. SBR
SBR, containing 27.3 wt% styrene, 0.64 wt% soluble water and 0.37 wt% volatile fraction with 48-55 viscosity was produced in Kumho Petrochemical Co., Ltd., Korea. 
4. RGP
The recycled glass was first crushed and ground by a jaw crusher and a ball mill, respectively, for 10 min in order to obtain RGP, which was then passed through an ASTM #200 sieve having the specific gravity of 2.47. The RGP particle size distribution was determined by a laser particle analyzer, as given in Table 3 .
The microscopic morphology of the RGP, measured by Scanning Electron Microscopy (SEM) is shown in Figure 2 . SEM examinations revealed that glass powders mainly consisted of coarse and angular flaky particles with a broad range of particle size. Furthermore, to verify RGP absorption degree, the specific surface area test was implemented. According to ASTM C204, the specific surface area of the recycled glass powder was 467 m 2 /kg. Thus, the recycled glass powder had high absorption.
5. Asphalt Mixture
All the modified bitumen samples were prepared using a high shear mixer with shearing speed of 3000 rpm for 60 min at 165-175°C. First, 1000 g bitumen was heated in an iron container to turn into fluid; then, the modifier (RGP, SBR-RGP) was added to the bitumen while reaching the temperature around 175 °C.
The Marshall asphalt mixture design method (ASTM D1559) was used in this study. The optimum asphalt content was selected to have maximum stability, maximum unit weight and median allowed limits for percent air voids. After selecting these three values, the content of the average asphalt cement (AC) was chosen and checked for satisfying the AV, VMA, stability and flow specification limits. Then, the optimum bitumen content for the control mixtures was obtained as 6.1% which was used for preparing all other modified mixes for maintaining consistency throughout the research. Stone matrix asphalt (SMA) is a type of asphalt mixture used for pavements surface courses in many countries. Due to its excellent performance characteristics, especially in freeways with heavy traffics and hot environment, SMA application has been gradually considered by many road builders around the world; hence, this type of mixture was used in this research [13] . In the SMA mixture design, the Marshall method of mix design is usually applied to confirm satisfactory voids in SMA mixtures. Laboratory specimens were also prepared by fifty blows of the Marshall hammer per side. It should be noted that SMA mixtures are more easily compacted to the desired density on the roadway compared with the effort required for the conventional HMA mixtures [14] . Asphalt mixtures are complex materials. Their behavior is strongly dependent on temperature, strain rate and stress conditions [15] . Hence, in the present research more than 280 samples of bitumen and asphalt were examined through several laboratory tests to study influence of RGP for bitumen modification completely.
6. Tests for Bitumen
ASTM D36, ASTM D5 and ASTM D113 are used for measuring physical properties of the modified bitumens, including softening point, penetration and ductility, respectively.
Nowadays, dynamic mechanical methods using oscillatory type testing are the best methods for evaluating fundamental rheological characterization of bitumen. These tests are contracted using Dynamic Shear Rheometers (DSRs). The DSR test was performed on unmodified, SBR and SBR-RGP modified bitumens. The primary viscoelastic parameters obtained from the DSR consist of the magnitude of the complex shear modulus (G*) and the phase angle (δ). G* is defined as the ratio of maximum stress to maximum strain and provides a measure of the entire resistance to deformation when bitumen is subjected to shear loading. According to ASTM D7175, the G* and δ of binders were determined by a DSR using parallel plate geometry at 10 rad/s (1.59Hz). According to the standard test method for high temperature tests (46-82 °C), specimens were 25 mm in diameter by 1 mm thick.
Storage stability of SBR-RGP modified bitumen was determined in accordance with regulations [16] . The specimen was placed in an aluminum foil tube of 32 mm diameter and 160 mm height. The tube was packed completely without even any air outlet and placed vertically in an oven with a temperature of 163°C. After 48 h, the tubes containing the modified bitumen were cooled down to the room temperature and cut horizontally into three equal parts. The upper and lower parts were melted separately and maintained in small containers with names T and B, respectively. When the difference between T and B softening point became less than 2.5°C, the sample reached good storage stability [17, 18] .
7. Marshall Stability Test
Marshall stability and flow tests were performed on compacted specimens with various binder contents according to ASTM D1559. In Marshall test, as an empirical test, cylindrical compacted specimens (100 mm in diameter by approximately 63.5 mm in height) were immersed in water at 60 ˚C for 30-40 min.; then, they were loaded to failure using curved steel loading plates along the diameter at constant compression rate of 51 mm/min. The Marshall quotient (MQ, calculated as the ratio of stability (kN) to flow (mm)) which represents an approximation of the ratio of load to deformation under particular conditions of the test may be used as a measure of the material's resistance to permanent deformation in service [19] .
8. Indirect Tensile Strength and Indirect Tensile Strength Ratio
In this research, 24 h soaking method was chosen as the pre-conditioning process. The procedure of this process was in the following way: The specimens of modified mixes were placed in 25 °C water bath and soaked for 24 h. Then, they were taken out and their surfaces were dried before the tests. In order to investigate moisture effect on strength of the modified mixes, the results of indirect tensile strength (ITS) after no-conditioning and 24 h soaking conditioning were evaluated based on ITS testing conducted in accordance with the procedures specified in the protocol of AASHTO T283. ITS tests were done at 25 °C with the loading rate of 51 mm/min.
9. Resilient Modulus
In recent years, major progress has been made in pavement design using the mechanistic approach based on elastic theory instead of more empirical approaches for pavement design. This mechanistic approach is being applied by many highway agencies recently. It should be mentioned that design methods based on elastic theory need the elastic properties of pavement materials as their main inputs. Resilient modulus of asphalt mixtures (measured in the indirect tensile mode (ASTM D4123)) is the most popular form of stress-strain measurement which could be used for evaluating elastic properties. The resilient modulus as well as other useful parameters are applied as the inputs to the model of elastic theories in order to generate an optimum thickness design. Therefore, effectiveness of the thickness design procedure is directly related to the accuracy and precision of measuring resilient modulus of the asphalt mixture. Accuracy and precision are also important in the areas in which resilient modulus is used as an index for evaluating stripping, fatigue and low temperature cracking of asphalt mixtures [20] . In this research, indirect tensile tests were applied for both conventional and modified mixtures. Temperature which applied in the experiments was 25˚C. Applied load was nearly 20% of the indirect tensile strength test at 25˚C. The pulse time was chosen 1000 ms for high trafficked volume roads and 3000 ms for low trafficked volume roads.
RESULTS AND DISCUSSIONS
1. Conventional Tests for Bitumen
The effect of modification agents SBR and RGP on the properties of the base bitumen is presented in Table 4 . The results show that due to increase in RGP and decrease in SBR, the penetration and softening point are decreased and increased, respectively. However, using 5% RGP modifier showed maximum decrease of 37.5% in penetration and maximum increase of 21.4% in softening point.
Decreasing and increasing in penetration and softening point demonstrate the enhancing hardness of the modified bitumen. Based on the test results; it can be concluded that RGP had significant effect on improving the stiffness and elastic properties of the bitumen. It seems that during bitumen interaction process with modifiers, the variation in bitumen properties is due to internal bitumen structure. Also, the swelling of SBR and RGP particles absorbed by bitumen oil is very good, these phenomena may lead to increase in softening point and decrease in penetration of the modified bitumen.
The bitumen modification causes reduction in temperature susceptibility. Generally, lower penetration index (PI) indicates higher thermal sensitivity. Thus, asphalt mixtures containing bitumen with higher PI have higher resistant to low temperature cracking and permanent deformation [21] . Figure 3 shows that SBR-RGP modified bitumen has less temperature susceptibility with increase in RGP and decrease in SBR to optimum PI. It is shown that 2% SBR plus 3% RGP modification provides the maximum penetration index, which indicates less temperature susceptibility. Therefore, with addition of RGP, thermal sensitivity of modified bitumen decreased and resistance to low temperature, rutting and permanent deformation increased. Also, with increase in PI the pavement rheological performance is improved for hot weather condition, and bitumen modified with RGP-SBR may be able to withstand cold temperatures. The storage stability test showed that the maximum tolerance in softening points is 1.6 which means that the presence of RGP has improved the storage stability of SBR modified bitumen significantly. This may be caused by proper dispersion of RGP in SBR modified bitumen which has led to a homogenous blend and consequently improved the storage stability. In addition, the softening point of top section of RGP-SBR modified bitumen is higher than that of the bottom section at all combinations and is increased with increase in RGP content. This can be due to the difference in densities of RGP, SBR and bitumen which leads to separate and float the SBR and RGP particles on the top of the bitumen. On the other hand a network structure is formed between the accumulated upper modifier phases which increase the softening point of the upper section.
G*/Sinδ, the rutting parameter, at 64°C for the base and modified bitumens is shown in Figure 4 . The effect of using RGP and SBR can be easily observed by noticing that rutting parameter of the base bitumen is significantly lower than that of the modified binders. In addition, the rutting parameter decreased as the result of increasing the RGP content and decreasing the SBR content. In other words, the DSR test result indicates that at higher temperatures, the performance of SBR modified bitumen decreases with addition of RGP. As a result, use of RGP decreases SBR modified bitumen strength against rutting resistance.
2. Marshall Stability Test
Asphalt concrete mixtures with 5, 5.5, 6, 6.5, 7, 7.5 and 8% binder content by mass of aggregate were prepared in order to determine optimal binder content. The optimal binder content for the unmodified and modified mixtures is given as 6.1%. Results of Marshall design were obtained from compacted specimens at the optimal binder content of each bitumen type and each result is obtained from an average of three test specimens which are given in Table 5 . The important criteria for Marshall stability and flow tests are the combination of high stability and low flow values. As shown in Table 5 , the best results of Marshall stability and flow values were obtained with the mixture modified by 3% SBR plus 2% RGP. The increasing of stability indicates that this mixture is stronger than the unmodified mixtures. Since MQ is an indicator of the resistance against the deformation of the asphalt concrete, MQ values are calculated to evaluate the resistance of the deformation of all mixtures. The 3% SBR plus 2% RGP mixture has higher MQ value than other ones. A higher value of MQ indicated a stiffer mixture; as a result, the mixture was likely more resistant to permanent deformation.
In addition, MQ for all modified mixtures is higher than the control mixture. Consequently, it can be concluded that an improvement occurred in the Marshall properties of asphalt concrete mixtures using RGP modifier. This can be due to the absorption of bitumen oil by SBR-RGP particles.
ITS and TSR
In this study, six types of modified SMA mixes are provided in order to compare ITS results of unmodified mixes with those of SMA mixes. ITS results of each group under the dry and soaked conditions were averaged based on results of three specimens. ITS results are depicted in Figure 5 . It can be found that ITS roughly increases under both dry and soaked conditions with modified mixes. As it is shown in Figure 5 the best results of ITS values were obtained with the mixture modified by 1% SBR plus 4% RGP. The measured tensile strength of all modified samples was higher than that of the control sample. Moreover, the tensile strength of SBR-RGP samples was about 13% and 31% higher than SBR and unmodified samples, respectively. Indirect Tensile Strength Ratio (ITSR) is the ratio of soaked ITS to dry ITS. The average values of the wet samples including RGP and SBR are slightly lower than those of dry samples. Figure 6 depicts TSR results of all unmodified and modified SMA mixes. It can be seen clearly from this figure that modification of binders significantly affected TSR. TSR of unmodified mixes was at almost the smallest level (0.72) which implies that modified binders help SMA mixes to improve their moisture susceptibility. These findings indicate that use of RGP with the SBR modified bitumen can increase the tensile strength and moisture resistance of mixtures.
4. Resilient Modulus
The average results of the resilient modulus are shown in Figure 6 . Modified mixtures show more low-temperature cracking and rutting performance. As it is shown in Figure 7 , the best results of resilient modulus values were obtained by the mixture modified by 5% RGP. All of modified mixtures had higher stiffness modulus than the control mixture, resulting in the pavement to have less strain at lower temperatures. The results show that the use of RGP with SBR modified bitumen can significantly increase the resilient modulus of mixtures. 
5. Economic Analysis
The unit cost of RGP and SBR modifiers depends on local conditions such as: availability, shipping distance, applicable taxes and other custom charges. Hence, a justification on the amount of saving made by replacement of SBR with RGP is suggested to be based on the proportion of unit costs for specific locations where these materials are to be provided. An investigation on the cost of these materials shows that the unit price of SBR is nearly 20 times of RGP. Thus, by replacement of 2% SBR by RGP the total cost of modifier will be reduced by almost 38%. However, it is suggested that, an enormous experimental program should be furnished to consider all possible combinations of SBR as well as RGP towards establishing the optimum combinations of RGP and SBR in bitumen and determining properties of RGP-SBR modified binder and mixture.
CONCLUSION
In present research, more than 280 samples of bitumen and asphalt mixtures were examined through a laboratory test program. Based on the tests, the results can be summarized as follows: 1. Data of penetration and softening point of the SBR-RGP modified binder demonstrated that RGP had significant effect on stiffness and elastic properties of the bitumen. By adding RGP to the mixtures, thermal sensitivity of modified bitumen was reduced and the low-temperature cracking resistance and permanent deformation increased. 2. The combination of high stability with low flow and high MQ values indicated high stiffness mix with greater ability to spread the applied load and resist creep deformation. Additionally, values of MQ for all modified mixtures were higher than those of the control mixture. Therefore, improvement occurred in the Marshall properties of asphalt concrete mixtures using RGP modifier and modified mixtures were probably more resistant to permanent deformation. 3. The tensile strength of all modified samples was higher than the control sample. Therefore, RGP modified mixtures had more resistance to formation and propagation of cracks and moisture damage. 4. Mixtures modified by more RGP had higher stiffness modulus than the control mixture; therefore, the mixture should have less strain at lower temperatures.
Overall assessment of performance of asphalt mixtures showed that, by using RGP in the mixtures, improvement was observed in Marshall stability and mechanical properties. It could be also inferred that stiffness and thermal sensitivity improved. Moreover, Marshall stability, tensile strength and stiffness modulus of asphalt mixtures increased with increase of RGP content. Optimal modification was attained with 3% SBR and 2% RGP. So, RGP can be partly substituted by SBR in the bitumen modification. Application of RGP in asphalt mixtures may also have many environmental benefits and prevent accumulation of waste glass in the natural environment.
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